The impact of fluoride on the abundance and speciation of aluminium (Al) was investigated in three boreal streams characterised by overall high concentrations of fluoride and dissolved organic matter. Stream-water sampling was carried out several times a year for at least four years, and a chemical equilibrium model (Visual MINTEQ) was applied in order to model the proportion of colloidal and organically/inorganically complexed Al in the waters. The Al concentrations in filtered (0.45 µm) water samples were inversely correlated with pH, and reached values up to approximately 1 mg/L during low pH conditions (pH < 6.0). In a stream with high fluoride concentrations, as compared to a similar stream with only moderately elevated fluoride concentrations, the Al concentrations were consistently elevated. For the stream with high concentrations of fluoride and Al, the model predicted both high concentrations and proportions of Al-fluoride complexation. This prediction indicates that high fluoride levels contribute to raise both the Al abundance and the ratio of inorganic to organic Al complexation in stream water. In contrast, for another stream with high fluoride concentrations and consistently high (near neutral) pH, there was no evidence of fluoride affecting Al concentration or complexation. These results show that it is important to focus future studies on the role of high levels of dissolved fluoride on both the speciation and the toxicity of Al in stream water. Tables A2-A3, Appendix A) 
Introduction
The effect of dissolved fluoride on Al toxicity is complex and ambiguous. Although fluoride complexes of Al are sometimes proposed to mitigate Al toxicity to some extent in comparison to other inorganic Al complexes, they still represent a bioavailable and thus possibly toxic fraction in comparison to organically bound Al (Bi, 2001; Deng et al., 2011; Frankowski and Ziola-Frankowska, 2010; Gensemer and Playle, 1999; Haag et al., 2001) . Modelling work has suggested that fluoride can potentially be important in controlling the presence and speciation of monomeric Al in surface waters . Laboratory experiments also point in this direction; that is, it has been demonstrated that increased fluoride pollution increases the mobilisation and leaching of Al in acid soils (Harrington et al., 2003; Moore and Ritchie, 1988) and that increasing fluoride concentrations below pH 7.5 cause an increase of dissolved Al in water (Wang et al., 2010) . Overall, however, the effects of high fluoride levels on Al abundance, speciation and toxicity under natural catchment conditions are not well characterised.
In northern Europe (Norway, Sweden and Finland), stream waters are characterised by overall low pH (Salminen et al., 2005) and an episodic strong decline in pH during the spring flood and other high-flow events (Buffam et al., 2008; Cory et al., 2006; Laudon et al., 2011; Warby et al., 2008) . These low pH values mainly results from the widespread occurrence of organic soils and the vulnerable acid-neutralising capacity of the soils and regolith (Laudon et al., 2001) . In these streams, therefore, the Al concentrations are typically elevated (Salminen et al., 2005) because of the well-known fact that Al solubility and mobilisation are enhanced under acidic conditions (Gensemer and Playle, 1999) . In some areas of northern Europe, streams also have elevated fluoride concentrations in comparison to European streams in general (Salminen et al., 2005) . One such area is "the Laxemar area" (located in SE Sweden), where high fluoride concentrations, up to several mg/L, are caused by the leaching of fluorine-rich bedrock (granites) and regolith (till) (Berger et al., 2012) . Accordingly, in addition to the effects from pH, fluoride may also affect both Al abundance and speciation in streams in this and other similar areas.
The overall aim of the study was to assess the impact of high concentrations of natural dissolved fluoride on Al concentrations and speciation in stream water. The study was located in the Laxemar area, and included one stream with high fluoride concentrations as a result of the leaching of fluorine-rich geological materials (Berger et al., 2012) and two other previously unstudied streams nearby. Water sampling was carried out during various hydrological conditions, and the Al concentrations were determined from 0.45 µm filtered samples. Visual MINTEQ version 3.0 (Gustafsson, 2012) was used to define the Al speciation according to an approach developed by and recently applied by Köhler et al. (2014) .
Material and Methods

Setting
The catchment areas of the Kärrsvik (KV) stream (outlet coordinates: 57°26'38''N; 16°37'26''E), the Ekerum (EK) stream (57°25'8''N; 16°38'33''E) and the Laxemar (LX) stream (57°25'4''N; 16°38'38''E) are included in this study (Fig. 1 ). These catchments are generally similar in terms of landscape morphology, with low relief dominated by coniferous and mixed forests (Table 1) . These streams are characterised as mesotrophic brown-water systems. Small coastal streams, such as these, play an important role as spawning grounds and feeding areas for many fish species in the Baltic Sea. Six species of fish are found here, according to a survey conducted in LX and EK in 2006: the Ide (Leuciscus idus), Common Roach (Rutilus rutilus), Burbot (Lota lota), Northern Pike (Esox lucius), Eurasian Ruffe (Gymnocephalus cernuus) and Tench (Tinca tinca) (Andersson, 2006; Nordén et al., 2008) .
All three catchments are below the highest Holocene coastline and do not reach higher than 63 m.a.s.l. (Table 1) . LX has the largest catchment (40.1 km 2 ), followed by KV (27.2 km 2 ) and EK (2.8 km 2 ) ( Table 1 ). The annual mean temperature is 6.4 °C and the annual precipitation generally reaches a total of 600-700 mm (Werner et al., 2006) . These streams have strong seasonal variations in water flow, due to snowmelt during the spring flood and periods of rainfall mainly during the summer and from late autumn to mid-winter. KV and LX are perennial and hold permanent water flows, whereas EK represents an intermittent stream and is usually dry at several locations along its lenght during the summer. The average specific water discharge is 6.1, 7.3 and 5.5 L/s/km 2 for KV, LX and EK, respectively. The annual runoff for the region is estimated to be approximately 150-180 mm (Lindborg, 2005; Werner et al., 2008) .
The bedrock of the area is dominated by 1.8 Ga granites and quartz monzodiorites of the Trans-Scandinavian Igneous Belt (TIB) (Wahlgren et al., 2004 (Wahlgren et al., , 2008 . In the northern part of the area, an outcrop of the younger (1.45 Ga) fluorine-enriched Götemar granite pluton occurs (Friese et al., 2012; Kresten and Chyssler, 1976) . The region is intersected in several directions by a number of fracture zones. During the Quaternary period, several glaciations influenced the area. The ice sculpted the bedrock surface and removed weathered surface layers. The present surface is thus influenced by mechanical erosion and low-temperature chemical weathering during the Weichselian glaciation and the current inter-glacial period. Exposed bedrock and thin till layers dominate the area; however, the regolith is considerably thicker and often contains glacial clay in the valleys (Sohlenius and Hedenström, 2008) . As the coastline regressed due to land uplift, the glacial deposits were partly eroded, resulting in local deposits of sorted materials (Rudmark et al., 2005) . Podzols, Leptosols and Regosols are the most common soil types. Wetlands and areas that are used as arable land are to a varying extent underlain by different types of Histosols, that is, soils with a high content of organic matter (Sohlenius and Hedenström, 2008) . Other reservoirs of organic matter are the spodic and O horizons of Podzols and postglacial clays (i.e., gyttja clay).
Sampling and analysis
Stream waters were sampled near the outlet every second to fourth month for approximately 4. (IC 882, Metrohm) . The concentrations of TOC and DOC were determined through combustion catalytic oxidation using a carbon analyser (TOC-5000, Shimadzu). Cations were analysed by ICP-AES/SFMS, and included Al, Fe, Li, Si, Na, K, Ca, Mg, Sr and Mn. The median charge balance error was 4.0%. The analytical uncertainties of all the chemical variables are listed in Table 2 .
Water-discharge values used in this study were logged hourly from automatic runoff stations close to the outlet of each stream. Information on the installation of the stations and the measurements are presented in Sjögren et al. (2007) .
All the analytical and water-discharge data was retrieved from the Site Characterization Database (SICADA), which is owned, quality checked, and supervised by the Swedish Nuclear Fuel and Waste Management Company (SKB), in October-November 2011 and January 2012 (Sicada_11_116, Sicada_11_120_1 and _2). Data for pH, major elements and DOC in KV was previously presented by Berger et al. (2012) and was revisited for this study.
Speciation modelling
The speciation and solubility of Al were modelled using the geochemical model program Visual MINTEQ version 3.0, beta. For inorganic complexes, the thermodynamic default database in this program was used, which is mostly based on the NIST compilation (Smith et al., 2003) ; for details, see Appendix A. Input data to the model included a wide range of stream-water variables: pH, temperature, DOC, alkalinity (as HCO 3 -) and the concentrations of Al, Ca, Fe, K, Li, Mn, Mg, Na, Si, Sr, Cl -, F -and SO 4 2-. The water temperature had a mean (±stdev) value of 8.1±6.0 °C and ranged from 0 to 20.9 °C. Equilibrium constants were corrected for temperature and ionic strength by use of the van't Hoff and Davies equations, respectively.
Following the approach introduced by , the Al in filtered samples (Al 0.45 ) was allowed to precipitate when the solubility product for Al(OH) 3 (s) (log *K s of 8.29 at 25 °C, see Appendix A) was exceeded. The rationale for choosing this solubility product is that an Al(OH) 3 (s) phase with such a solubility was previously found in the B horizons of Podzols (Gustafsson et al., 1998 ), a common soil type in the catchments studied here. The model thus calculates the proportion of the Al 0.45 fraction occurring as Al(OH) 3 (s), that is, colloidal Al. Aluminium complexation to dissolved organic matter (DOM) was modelled using the Stockholm Humic Model (SHM). As suggested by , who studied DOM in 322 lakes included in the Swedish environmental monitoring programme, the DOM consisted of 50% carbon by weight; 82.5% of the DOM consisted of active fulvic acid (FA) M A N U S C R I P T ACCEPTED MANUSCRIPT 5 whereas the rest was inactive with respect to proton and metal binding. The abbreviations used for the various modelled Al fractions are given above.
Iron was entered as Fe(III) and was also allowed to precipitate when exceeding the solubility product of ferrihydrite, having the formula Fe(OH) 3 (log *K s of 2.69 at 25 °C, see Appendix A).
Results
Hydrochemistry of the streams
The pH was weakly acidic in KV (5.9-6.7) and LX (5.8-7.0) but slightly alkaline in EK (7.0-7.9), and in all three streams the pH was inversely correlated with water discharge (Fig. 2) . The DOC, representing generally 97-98% of TOC concentration, was high in all three streams (KV 13-35 mg/L, median 22 mg/L; EK 14-22 mg/L, 20 mg/L; LX 13-22 mg/L, 17 mg/L) and was uncorrelated with pH ( Fig. 3a) or water flow (Fig. 3b) . The fluoride concentrations in KV (0.65-3.3 mg/L; median 1.1) and EK (0.83-1.8 mg/L; 1.0) were generally twice as high as in LX (0.36-0.81 mg/L; 0.48), and correlated with pH ( Fig. 3c ) and inversely correlated with water discharge (Fig. 3d ) in all three streams. The Al concentrations (Al 0.45 ) decreased in the order KV (542-1240 µg/L; median 896) > LX (94-869 µg/L; 546) > EK (104-450 µg/L; 213) and were, in all three streams, inversely correlated with pH (Fig. 4a) . The data for other streamwater variables, used in the Al and fluoride speciation modelling, are presented in Table 2 .
Model predictions of Al and fluoride speciation
The ratio of modelled Al d to modelled Al c increased when the measured Al concentrations (Al 0.45 ) increased in response to declining pH values. Hence, as pH dropped, the Al d concentrations strongly increased, particularly in KV (Fig. 5a) . Overall, the percentage of Al d (relative to Al 0.45 ) decreased in the order KV (10-100%; median 52%) > LX (5-100%; 37%) > EK (4-34%; 18%).
For the Al d pool, organically complexed Al (Al o ) was predicted to dominate. In KV, this Al fraction accounted for 38-92% (median 71%) and was uncorrelated with pH; in LX, the fraction accounted for 68-99% (median 97%) and was correlated with pH; and in EK, the fraction accounted for 73-100% (99%) and was inversely correlated with pH (Fig. 6a) . In KV, the concentrations of Al o were not higher than in LX (Fig. 5c ), indicating that other processes are responsible for its elevated Al d concentrations at any given pH < 6.5 (Fig. 5a) . The other part of the Al d pool, consisting of inorganic monomeric Al (Al i ), clearly showed a pattern that was inverse to the Al o pattern (Fig. 6a) . Accordingly, Al i occurred in the highest proportion in KV (8.3-62% of Al d ; median 29%), occasionally in significant but generally low proportions in LX (0.98-32%; 3.1%) and in low proportions (with the exception of one data point) in EK (0.49-27%; 1.4%). These findings correspond to Al i concentrations of 9.4-542 µg/L (median 89.9) in KV, 0.39-201 µg/L (4.2) in LX and 0.25-2.1 µg/L (0.73) in EK.
The Al i pool was predicted to be strongly dominated by fluoride complexes (Al i-F ) in KV (98-100%), as well as in LX, where there was, however, a greater variation (26-99%, median 98%). In EK, the corresponding percentages were 0.1-95% and a median of 42%. The Al i-F species were composed mainly of AlF 2 + and AlF 3 (aq) followed by AlF 2+ and AlF 4 , and were strongly dominating at low pH (up to 6.7), occurred in percentages equal to or higher than other Al i phases at a pH of around 7, and were minor at higher pH values (Fig. 6b) . The other Al i phases were predicted to be mainly Al(OH) 4 -followed by Al(OH) 3 (aq) and Al(OH) 2 + (in Fig.  6b presented as Al i-other ) . The Al i-F concentrations were higher, at any given pH, in KV than in LX (Fig. 5b) .
At a pH above 6.3, that is, for all sampling occasions in EK and for a majority of the sampling occasions in KV and LX (Fig. 7) , more than 90% of the dissolved fluoride was predicted to occur as F - (Fig. 7) . At lower pH values, down to 5.8-5.9, dissolved fluoride was predicted to be increasingly complexed with Al (Fig. 7) . Hence, a relatively large part of the total fluoride flux is complexed with Al, as during low-pH conditions both the water flow and the fluoride flux is greatest in KV and LX.
Discussion
Concentration levels and main control of Al
Overall, the concentrations of Al 0.45 are controlled by variations in pH (Fig. 4a) , which is a well-known phenomenon (Cory et al., 2006; Haag et al., 2001; Lawrence et al., 1988; Neal, 1995) . In two of the studied streams (KV, LX), as in many other catchments elsewhere in the boreal zone, there is an overall decrease in pH when stream water discharge increases (Fig.  2) , caused by consistently high DOC concentrations, but a decrease in acid-neutralising capacity when the groundwater table rises during wet periods (Erlandsson et al., 2010; Laudon and Buffam, 2008; Laudon et al., 2001) . Consequently, in these two streams the Al 0.45 concentrations reached values up to approximately 1 mg/L (Fig. 4a) , which are relatively high even for boreal streams (Löfgren et al., 2010; Pokrovsky et al., 2006; Salminen et al., 2005) . Additionally, as pH decreases, the modelling suggests that the percentage of Al d (relative to Al 0.45 ) increases, reaching values up to 100% on some occasions. Hence, as highflow conditions set in, the KV and LX streams are acidified and loaded with an abundance of dissolved Al. In EK, the pH was generally higher and did not drop below 7.0 even under the highest flow conditions (Fig. 2) . In this stream, therefore, there were lower concentrations of Al 0.45 (Fig. 4) and a lower percentage of modelled Al d .
Concentration levels and sources of fluoride
The fluoride concentrations in all streams were high when compared to European and national average values (Salminen et al., 2005) , and decreased with distance to the outcropping fluorine-rich granite (Götemar granite), that is, KV (median 1.1 mg/L) > EK (1.0 mg/L) > LX (0.48 mg/L) (Fig. 1) . These results are explained by fluoride leaching from: (i) the granite, which includes fluorine in primary minerals such as biotite, muscovite and fluorite (Kornfält et al., 1997; Kresten and Chyssler, 1976) and secondary minerals such as fluorite, topaz and muscovite in veins and greisen (Alm et al., 2005; Drake and Tullborg, 2009a; Drake et al., 2009b; Kresten and Chyssler, 1976) ; and (ii) the regolith around the granite, formed during the last Pleistocene glaciation and consisting of bedrock debris. The decrease in fluoride concentrations when pH decreased (Fig. 3c ) and water discharge increased (Fig. 3d) 
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Impact of fluoride on Al in stream water
For a given pH value, the concentrations of both measured Al (Al 0.45 ) and modelled dissolved Al (Al d ) were generally considerably higher in KV than in LX (Fig. 4a, Fig. 5a ). This result shows that there is an additional important factor, apart from pH, causing a rise in Al concentrations in KV. The major differences between KV and LX are that in the former there were: (i) much higher concentrations of fluoride (Table 2) , a ligand that forms strong complexes with Al (LaZerte et al., 1997); and (ii) no inverse correlation between Al 0.45 and fluoride (Fig. 4b ). In line with these features, the model predicts that in KV the Al i-F complex occurs, at any given pH, both in higher concentrations (Fig 5b) and higher proportions (Fig.  6a) (Harrington et al., 2003) .
For LX, which had the lowest fluoride concentrations (Table 2) , the model predicted that Al d was increasingly complexed with fluoride as pH declined, with values up to approximately 25% for the lowest pH (Fig. 6a) . This trend is counter-intuitive, because with declining pH there is a decrease in fluoride concentrations (Fig. 3c) . These features are, however, reasonable and can be explained by the fact that at declining pH, organic substances (the main ligand competitor with fluoride) are successively protonated, minimising their efficiency as a ligand and allowing fluoride complexation to expand. In LX, therefore, the influence of fluoride on Al is most distinguished during low pH conditions. In EK, which had equally high fluoride concentrations as KV (Table 2 ) but consistently high pH (Fig. 2) , the Al 0.45 concentrations were generally low (Fig. 4a) and, according to the model, the Al d pool was strongly dominated by Al o (Fig. 6a) . Hence, at high-pH conditions, which prevail throughout in EK, fluoride seems not to form complexes with Al, and thus has only a marginal impact on it.
Toxicological implications
We have shown that in KV, a fluoride-rich and episodically acidic stream, the concentrations of Al i are enhanced as a result of fluoride complexation. This enhancement may have effects on the aquatic ecology, because several fish species in boreal waters are sensitive to acidity and/or to dissolved inorganic Al (Andrén and Rydin, 2012; Appelberg et al., 1992; Grassie et al., 2013; Poleo and Muniz, 1993; Poleo et al., 1997) . Considering thresholds set by the Swedish Environmental Protection Agency, SEPA (2002; 2010) , in KV the modelled Al i was above the level for "effects on sensitive species" (30-50 µg/L) in 76% of the samples, and above the level for "effects on tolerant species" (> 50 µg/L) in 70% of the samples. Yet, because Al i in this stream was modelled to be composed exclusively of Al i-F (Fig. 6b) , the precise biological effect of the high levels of modelled Al i is not known with certainty. However, Stevens et al. (1997) have shown that Al i-F increases phytotoxicity in oats (Avena sativa) and tomatoes (Lycopersicon esculentum), and according to Strunecká and Patocka (2002) , the synergistic action of Al i-F in water and in the food chain causes various diseases affecting metabolism, growing processes and homeostasis in living organisms. Exley (2000) has shown that avoidance behaviour (as well as mortality) in fish (and other organisms) increases in acidic waters when Al increases. It is thus possible that avoidance behaviour in aquatic organisms might be amplified when Al d is increased and the Al i pool is composed of Al i-F , as a result of significant quantities of dissolved fluoride in acidic systems.
Conclusions
The major conclusions are:  When pH declined, the fluoride concentrations decreased, and both the measured Al (Al 0.45 ) and modelled dissolved Al (Al d ) concentrations increased. Despite these features, the model predicts that with declining pH, the proportion of Al complexed with fluoride (relative to Al complexed with organic substances) is either maintained (KV) or even increased (LX). This prediction indicates that fluoride as a complexing agent for Al is particularly important at low pH values, and that in these two streams the fluoride concentrations at low pH are high enough to bind a substantial amount of Al. In contrast, in the third studied stream (EK), which was not episodically acidic, Al binding to fluoride was predicted to be low despite high fluoride concentrations.  For the two studied streams that experience episodic declines in pH, both the Al 0.45 and Al d concentrations were higher in the stream with high fluoride concentrations (KV) than in the one with lower fluoride concentrations (LX). Both the analytical data and modelling results point to fluoride as the main reason for the elevated Al concentrations in KV.  The modelling indicates that in the fluoride-rich episodically acidic stream (KV), inorganic monomeric Al was bound exclusively with fluoride and frequently occurred in levels stated as harmful to fish. This finding highlights the importance of reaching consensus regarding the ambiguous toxicological nature of the part of inorganic monomeric Al that is complexed with fluoride. Smith et al. (2003) .
c Liu and Millero (1999) .
Table A2
Solubility constants and enthalpies of reaction for the inorganic Al complexes considered. Smith et al. (2003) . c Xiao et al. (2002) . A polynomial was used for temperature corrections.
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d Pokrovski et al. (1996) . Gustafsson et al. (2007) . The constants have been optimised using the data set of Milne et al. (2003) b Constants optimised as explained in 
